ABSTRACT: Doxorubicin (Dox)-loaded stealth liposomes (similar to those in clinical use) can incorporate small amounts of porphyrin−phospholipid (PoP) to enable chemophototherapy (CPT). PoP is also an intrinsic and intrabilayer 64 Cu chelator, although how radiolabeling impacts drug delivery has not yet been assessed. Here, we show that 64 Cu can radiolabel the stable bilayer of preformed Dox-loaded PoP liposomes with inclusion of 1% ethanol without inducing drug leakage. Dox-PoP liposomes labeled with intrabilayer copper behaved nearly identically to unlabeled ones in vitro and in vivo with respect to physical parameters, pharmacokinetics, and CPT efficacy. Positron emission tomography and near-infrared fluorescence imaging visualized orthotopic mammary tumors in mice with passive liposome accumulation following administration. A single CPT treatment with 665 nm light (200 J/cm 2 ) strongly inhibited primary tumor growth. Liposomes accumulated in lung metastases, based on NIR imaging. These results establish the feasibility of CPT interventions guided by intrinsic multimodal imaging of Dox-loaded stealth PoP liposomes.
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ABSTRACT: Doxorubicin (Dox)-loaded stealth liposomes (similar to those in clinical use) can incorporate small amounts of porphyrin−phospholipid (PoP) to enable chemophototherapy (CPT). PoP is also an intrinsic and intrabilayer 64 Cu chelator, although how radiolabeling impacts drug delivery has not yet been assessed. Here, we show that 64 Cu can radiolabel the stable bilayer of preformed Dox-loaded PoP liposomes with inclusion of 1% ethanol without inducing drug leakage. Dox-PoP liposomes labeled with intrabilayer copper behaved nearly identically to unlabeled ones in vitro and in vivo with respect to physical parameters, pharmacokinetics, and CPT efficacy. Positron emission tomography and near-infrared fluorescence imaging visualized orthotopic mammary tumors in mice with passive liposome accumulation following administration. A single CPT treatment with 665 nm light (200 J/cm 2 ) strongly inhibited primary tumor growth. Liposomes accumulated in lung metastases, based on NIR imaging. These results establish the feasibility of CPT interventions guided by intrinsic multimodal imaging of Dox-loaded stealth PoP liposomes. KEYWORDS: liposomes, porphyrin−phospholipid, doxorubicin, image-guided drug delivery, chemophototherapy N anomaterials integrating multiple functionalities can be used in the emerging biomedical field of imageguided drug delivery (IGDD). 1−5 Numerous organic and inorganic nanoparticles hold potential for IGDD. 6−13 Liposomes are a common organic drug delivery vehicle and have also been explored for this purpose. 14−16 For example, thermal-responsive liposomes loaded with doxorubicin (Dox) and a magnetic resonance contrast agent can be used in combination with heat to ablate tumors while simultaneously ascertaining local drug distribution. 17 Beyond predicting delivered drug concentrations, IGDD could be useful for image-guided interventions. Our group developed light-activated, doxorubicin-loaded, porphyrin− phospholipid (PoP) liposomes for use as a single-agent antitumor treatment using chemophototherapy (CPT). 18−20 PoP itself confers capabilities for seamless and intrinsic imaging using positron emission tomography (PET) and fluorescence. Imaging of PoP liposomes could be used to demark metastatic tumor locations using a whole body technique such as PET, which is extensively used in clinical oncology. 21 Once tumors are roughly identified, multiple narrow fiber optic cables could be inserted into tumor sites with additional guidance from the near-infrared (NIR) fluorescence of PoP. Interstitial treatment with such image guided planning represents a minimally invasive method to treat tumors of any size in the body. 22 Several strategies have been proposed for generating bioresponsive materials and improving liposomal drug delivery. 23, 24 Many light-triggered release approaches have been developed. 25−27 We recently reported long-circulating doxorubicin in PoP liposomes capable of NIR light-triggered drug release. 28 This is of note since long-circulating sterically stabilized liposomal Dox (SSLD) is already used for treating several cancer types. 29 It was shown to be noninferior and less toxic than the free drug in treating breast cancer and is used off label for that indication. 30 Therefore, a long-term vision could be that (1) patients with metastatic disease could receive a single PoP liposome chemotherapy agent consistent with standard of care treatment; (2) 24 h after drug administration, PET could be used to identify large metastatic tumor sites where liposomes accumulated; and (3) PoP NIR fluorescence is used to guide optical fiber placement in the tumors for potent tumor photoablation. In theory, imaging could also estimate local drug concentrations which in turn could guide light dosimetry. This approach represents an IGDD paradigm to simultaneously treat local disease and metastatic disease in advanced cancer patients.
Traditionally, liposomes have been successfully used for whole body imaging techniques by modification of liposome formulations to include radionuclide chelators covalently linked to lipids. 31 The radionuclide is then mixed with the liposomes. Several recent approaches for radionuclide nanoparticle labeling involve chelator-free approaches. 32−36 For liposomes, to avoid having to modify the lipid composition of the formulation, other approaches have been reported in which copper and other radionuclides are actively loaded inside the liposomes. 37−39 PoP can be chelated with various divalent cationic metals such as copper within the hydrophobic portion of bilayer. 40−43 PoP-based nanoparticles such as lipoproteinmimicking nanoparticles have been used for seamless PET labeling and imaging combined with photodynamic therapy in clinically relevant preclinical cancer models. 44 One-pot copper labeling of nearly pure PoP itself has been reported with a 95% labeling yield in just 30 min. 45 Despite these promising results, as indicated by the ready metal ion access to the porphyrin, such structures likely would not be appropriate for carrying and delivering cargo in stably enclosed liposome volumes. It is not known if stable, cargo-loaded liposomes can be labeled with 64 Cu without inducing drug leakage. Here, we demonstrate copper labeling of stable bilayers of stealth liposomes that include a small amount of PoP.
RESULTS AND DISCUSSION
Ethanol Enhances 64 Cu-Labeling of Sterically Stabilized PoP Liposomes. We previously showed that PoP can chelate metals (e.g., Zn, Cu, Ni, Co) and then form liposomes. 40−43 However, those approaches involve direct metal labeling of PoP in organic solvent, purification, and downstream liposome formation. When hydrated, PoP bilayers themselves are hydrophobic with limited access to aqueous solvent. 46 This poses a challenge for the goal of intrabilayer labeling of preformed, drug-loaded liposomes ( Figure 1A) .
The stealth Dox-PoP liposomes included distearoylphosphatidylcholine (DSPC), PoP, cholesterol (CHOL), and a polyethylene glycol lipid (DSPE-2000-PEG); [DSPC/PoP/ cholesterol/DSPE-2000-PEG], [53:2:40:5] , mol % at the drug to lipid ratio of 1:6 and were prepared by ethanol injection followed by extrusion as previously described. 28 When DoxPoP liposomes were incubated with 64 CuCl 2 , limited labeling efficiency was observed, only ∼8% after a 4 h incubation. We assessed whether ethanol, which is used during liposome formation (prior to removal with dialysis) and is known to impact bilayer behavior, could enhance labeling yields. Ethanol (1%) was able to double the labeling efficiency ( Figure 1B) . Addition of ethanol from 1% to 10% did not induce any obvious leakage of Dox during the labeling process itself Figure 1C and Figure S1 ). Ethanol has been reported to interact strongly with phosphatidylcholine bilayers and induce alteration of the headgroups and disordering of lipid side chains. 47 This presumably enables the divalent copper cation, which bilayers are normally impermeable to, to better access the porphyrin side chain and become chelated.
Effect of Copper Labeling on Dox-PoP Liposomes. The properties of Dox-PoP liposomes were assessed following cold copper labeling. On the basis of cryogenic transmission electron microscopy, the morphology of Dox-PoP liposomes appeared as 100 nm, slightly elongated unilamellar vesicles that entrapped fibrous Dox precipitations in the aqueous core of the liposomes ( Figure S2A ). On the basis of light-scattering, the size of Cu-labeled Dox-PoP liposomes (Dox-CuPoP liposomes) and the original Dox-PoP liposomes was 101 and 96 nm, respectively (Figure 2A ). The polydispersity index of labeled and unlabeled Dox-PoP liposomes was 0.15 and 0.12, respectively ( Figure 2B ). Both labeled and unlabeled liposomes exhibited over 98% drug loading efficiency ( Figure 2C ), confirming no drug leakage during the labeling process. The NIR light triggered-release profile with a 665 nm laser diode at 250 mW/cm 2 is shown in Figure 2D , with 90% Dox release occurring in 4 min for both types of liposomes. After laser treatment, the size of Dox-CuPoP liposomes decreased slightly to 94 nm, without significant change to the polydispersity index ( Figures S2B and S2C) . We have previously shown that lightinduced Dox release is likely due to PoP-mediated photooxidation of unsaturated lipids (such as cholesterol) which transiently disrupt the lipid bilayer to induce release of actively or passively loaded cargo. 48, 49 At a lower fluence rate (100 mW/cm 2 ), laser-induced Dox release rate was slower, with 90% drug release in 9.3 min ( Figure S3A ). This is likely due to the lower amount singlet oxygen generation at the lower fluence rate ( Figure S3B ). Dox leakage during serum incubation at 37°C for 6 h was less than 10% for both Dox-CuPoP liposomes and Dox-PoP liposomes ( Figure 2E ). Taken together, copperlabeled liposomes behaved similarly to Dox-PoP liposomes in vitro, implying labeling conditions and the presence of copper in the bilayer had minimal impact on bilayer stability or lighttriggered release.
Pharmacokinetics (PK). To verify whether copper labeling modified the in vivo behavior of the liposomes, PK of labeled liposomes and unlabeled Dox-PoP liposomes was compared. Following intravenous injection of 7 mg/kg Dox-loaded liposomes to ICR mice, serum was collected at the indicated time points. As shown in Figure 3 and Table 1 , both DoxCuPoP and Dox-PoP liposomes exhibited long circulation halflives (18.5 h vs 15.1 h). Dox-CuPoP liposomes showed slightly lower Cmax (158.1 vs126.8 μg/mL) and a slight decrease (10.1%) of AUC last , suggesting perhaps that a small fraction of Dox leaked during circulation. Overall, Dox-CuPoP liposomes demonstrated satisfactory in vivo stability, similar to Dox-PoP liposomes.
PET Imaging of Dox-CuPoP Liposomes. Female BALB/ c mice bearing orthotopic 4T1 mammary tumors were intravenously injected with 7 mg/kg of Dox-64 CuPoP liposomes. With PET, the tumor area could clearly be visualized ( Figure 4A ). Tumor uptake of liposomes is based on passive accumulation due to the enhanced permeability and retention effect. 50 Quantitative, imaging-based, kinetic distribution of liposomes in tumors and main organs is shown in Figure 4B . The amount of liposomes in the tumor increased to 5.3 % injected dose per gram (% ID/g) from 0.5 to 24 h. A large amount of liposomes accumulated in the liver and spleen, as the main organs of the reticuloendothelial system. The amount of liposomes in liver reached a maximum amount by 3 h (38.1 % ID/g) and slightly decreased to 29.1 % ID/g by 24 h. Mice were sacrificed at the 24 h time point and biodistribution of liposomes in each organ was quantified by gamma counting ( Figure 4C ). Ex vivo biodistribution was in accordance with the in vivo imaging-based measurements, with the highest amount of Dox-CuPoP liposomes accumulating in the liver (24.9 % ID/ g). The amount of liposomes in the tumor was 3.6 % ID/g by ex vivo measurement.
NIR Fluorescence Imaging of Dox-CuPoP. While PET is a whole body technique, NIR fluorescence could be complementary for assessing local accumulation of liposomes. For example, PET could be used for rough approximation of tumor location, and fluorescence could be used to pinpoint the tumor sites using fiber optic probes for phototherapy. Mice were also subjected to NIR fluorescence imaging. Although copper quenches PoP fluorescence, only a small fraction of the PoP is labeled by 64 C. Approximately 90% of the NIR fluorescence emission of the liposomes was retained following the labeling procedure ( Figure S3C ). As shown in Figure 5A , tumor regions were clearly identified by NIR fluorescence. The signal in tumors showed a slight increase after 0.5 h, further increasing over 24 h ( Figure 5B ). This coincides with the PET data in Figure 4B . Ex vivo imaging of the tumor, main organs (liver, kidney, spleen, heart, lung), and tissues (skin and muscle) showed a high fluorescence signal in liver, spleen, and tumor ( Figure 5C ). Quantification of fluorescence imaging is shown in Figure 5D , with the highest fluorescence being observed in the tumor. This result is different from the 64 Cu biodistribution, which may be due to differing optical properties of the various organs examined, or differences in intratissue liposome localization. In general, fluorescence imaging of organs and tissues is not as reliable a method for biodistribution calculation compared to gamma counting or tissue extraction techniques.
Chemophototherapy Using Dox-CuPoP. The efficacy of Dox-CuPoP liposomes was compared to Dox-PoP liposomes in the same breast cancer mouse model used for imaging studies. Mice bearing orthotopic 4T1 tumors were intravenously administered 7 mg/kg of Dox-CuPoP or Dox-PoP liposomes, empty PoP liposomes, or saline. Twenty-four hours after intravenous injection, tumors were irradiated with 665 nm light ). This time point was selected since it would theoretically enable PET imaging to be carried out to first identify tumor sites to be treated with phototherapy. Some swelling in the treated tumor region was observed following laser treatment. As shown in Figure 6A Histology and immunohistochemistry (IHC) were performed to examine molecular and microscopic aspects of the treatment ( Figure 6C ). Hematoxylin and eosin (HE) staining revealed that most tumor cells treated with Dox-CuPoP + laser lost their cell membrane and nucleus integrity, suggesting cellular necrosis. Dox-CuPoP + laser treatment also rapidly eliminated tumor cell proliferation as demonstrated by a lack of Ki67 IHC signal compared to the no laser treatment and saline control. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining further demonstrated that DoxCuPoP with laser treatment induced apoptosis of virtually all cells in the laser treated tumor. Altogether, histological and IHC staining results were in agreement with the tumor growth study. CPT using Dox-CuPoP effectively inhibited cell proliferation and induced cell death, whereas the liposomes without phototreatment had little antitumor efficacy.
The microdistribution of Dox and PoP after laser treatment was investigated by fluorescence microscopy. Without laser treatment, liposomal Dox tended to localize near the tumor vasculature ( Figure S4 ). After laser treatment, Dox appeared more diffuse in more spread out areas of the tumor tissue. This is likely due to the laser-induced release of Dox allowing for better Dox penetration since the free drug is able to traverse the tumor microenvironment better than the large liposomes.
Dox-CuPoP Accumulation in Lung Metastases. Lung metastases were established in mice 2 weeks after intravenous injection of 4T1 cells (20000 cells/mouse). The lungs of the mice were imaged ex vivo using bioluminescence to visualize tumor metastasis and NIR fluorescence to visualize PoP (excitation 657 nm; emission 720 nm). Lungs were imaged 24 h following intravenous administration of Dox-CuPoP or Dox-PoP (5 mg/kg Dox) ( Figure 7A,B) . Fluorescence imaging showed that liposomes accumulated more (2.7-and 2.1-fold) in lungs with metastases compared to healthy lungs ( Figure 7C ). On the basis of tissue homogenates, Dox accumulation in lungs with metastases was higher (2.8-and 2.7-fold for Dox-CuPoP and Dox-PoP, respectively) than those in the healthy ones ( Figure 7D) . Similarly, PoP concentration in the lungs with metastasis was higher (2.88-and 2.0-fold for Dox-CuPoP and Dox-PoP, respectively) than in healthy lungs ( Figure 7E ). Additional optimization of liposome size and surface properties could potentially further reduce liposomal accumulation in healthy lungs.
Due to the enhanced permeabilization and retention (EPR) effect, liposomes are able to preferentially accumulate in tumors, which are characterized by leaky tumor vasculature. 50, 51 To further investigate if Dox-CuPoP liposomes and Dox-PoP liposomes target to metastatic tumor nodules by EPR effect, frozen lung sections were prepared and imaged with fluorescence microscopy. Frozen luciferase-labeled tumors can be reimaged by direct addition of luciferin, Mg , and ATP were added to induce bioluminescence. The metastases in the lung could be identified and had some degree of colocalization with the PoP signal, demonstrating the metastasis-targeting potential of PoP-liposomes ( Figure 8A) . Moreover, the PoP signal in the lung with metastases were much stronger than that in the healthy lungs. This data is consistent with the PoP biodistribution in tumorburdened lungs shown previously (Figure 7 ). Frozen sections of the lungs were then examined in confocal laser scanning microscopy (CLSM). The signal of PoP and Dox in the metastasis were higher than in the surrounding normal tissues and in the healthy lungs ( Figure 8B ). Moreover, Dox seemed to be already localized within the nuclei.
CONCLUSION
We successfully developed a 64 Cu-labeling strategy for preformed, stealth Dox-PoP liposomes and demonstrated that the labeling process had minimal impact on liposome characteristics and function in vitro and in vivo. Both DoxPoP liposomes and Dox- 64 CuPoP liposomes effectively inhibited the growth of 4T1 orthotopic tumors when used in a single chemophototherapy treatment. , mol % at the drug to lipid ratio of 1:6 were prepared by hot ethanol injection followed by highpressure extrusion as previously described. 28, 49 To generate 10 mL of PoP liposomes (20 mg/mL total lipids), lipids were first fully dissolved in 2 mL of hot ethanol (60°C), followed by direct injection into 8 mL of 250 mM ammonium sulfate (pH 5.5) buffer at 60°C. The lipid solution was fully mixed and passed 10 times at 60°C through sequentially stacked polycarbonate membranes of 0.2, 0.1, and 0.08 μm pore size using a 10 mL LIPEX nitrogen pressurized extruder (Northern Lipids). Liposomes were then dialyzed with buffer containing 10% sucrose and 10 mM HEPES (pH 7.8) to remove free ammonium sulfate. Doxorubicin (LC Laboratories no. D-4000) was actively loaded into liposomes via ammonium sulfate gradient. 52 Drug was loaded by adding 20 mg/mL Dox solution to the liposomes at the drug to lipid ratio of 1:6 and incubated at 60°C for 1 h. Cu into Dox-PoP liposomes, 1 vol % absolute ethanol was added to the mixture, followed by incubation at 37°C for 4 h with constant shaking. The resulting Dox-64 CuPoP liposomes were purified by PD-10 size exclusion chromatography columns, using PBS as the mobile phase. Radiochemical yields were assessed by instant thin layer chromatography (TLC) using silica gel backed iTLC plates, with 50 mM EDTA solution as the running buffer. In order to demonstrate the role of PoP in intrinsic 64 Cu chelation, SSLD formulations (lacking PoP) were radiolabeled under the same experimental conditions to serve as control. Liposome Characterization. Liposome size and polydisperisity were determined by dynamic light scattering via NanoBrook 90 Plus PALS in phosphate-buffered saline (PBS). Dox loading efficacy was determined by a spin column filtration method. Briefly, liposomes were diluted in 25 mM sodium chloride and placed in a 100 kDa cutoff spin column (Pall, no. OD100C34) and centrifuged at 2000g for 10 min. Unloaded Dox passed through the filter and was determined by UV spectroscopy. Serum stability was assessed by incubating PoP liposomes (0.1 mg/mL lipids) in 50% sterile bovine serum (PelFreeze) at 37°C for 6 h. Total Dox fluorescence value was read after adding 0.25% Triton X-100 (Sigma, no. X100-500 ML)
, where F (final), F(initial), and F(TX − 100) are Dox fluorescence before incubation, 6 h post incubation, and lysed with 0.25% Triton X-100, respectively. Light-triggered release rate was performed with a power-tunable 665 nm laser diode (RPMC Lasers, LDX-3115−665) at 100 or 250 mW/ cm 2 as indicated. Dox fluorescence was recorded in real time during irradiation in a fluorometer (PTI). Before laser initiation, PoP liposomes (0.05 mg/mL) in 50% bovine serum were placed in a cuvette at 37°C. 0.25% Triton X-100 was added after laser irradiation to read the final fluorescence. Dox release was assessed according to the above formula.
Fluorescence emission spectra were recorded for PoP and CuPoP liposomes following labeling by dissolving the liposomes in methanol. Equal concentrations of each sample were dissolved in methanol, and the emission spectra were recorded with an excitation of 400 nm using a PTI fluorometer. Singlet oxygen sensor green (SOSG, Life Technologies no. S-36002) was used for the detection of singlet oxygen generated by pyro-lipid during irradiation. SOSG fluorescence (exc./em. 504/525 nm) was recorded real time during irradiation in a fluometer (PTI). Light irradiation was performed in PBS containing SOSG and Dox-loaded PoP (PoP) liposomes.
Pharmacokinetics. Animal studies were carried out in accordance with the University at Buffalo, University of Wisconsin, and Shanghai Jiao Tong University School of Medicine IACUCs. Female CD-1 mice (18−20 g, Charles River) were intravenously injected visa tail vein with Dox-PoP liposomes or Dox-CuPoP liposomes at 7 mg/kg, n = 4. Small blood volumes were sampled from either submandibular and retroorbital locations at 0.5, 2, 4, 8, 24, and 48 h post injection. Blood was centrifuged at 1500g for 15 min. Serum was collected with a capillary collection tube (Microvette CB 300Z) and diluted in extraction buffer (0.075 N HCL, 90% isopropanol). Samples were then stored at −20°C overnight followed by centrifugation at 10000g for 15 min. Supernatants were collected and analyzed by fluorescence in a 96 well plate reader. Dox was determined by a standard curve. Noncompartmental pharmacokinetics parameters were analyzed by PKsolver.
PET/Fluorescence Imaging and Biodistribution. Orthotopic 4T1 tumors were generated in 4−5 weeks old female BALB/c mice (Envigo, Indianapolis, IN) by injecting 1 × 10 6 4T1 murine breast cancer cells suspended in 30 μL PBS solution into the second mammary fat pad of the mouse. Tumors were monitored every other day, and mice were used typically 7−10 days after inoculation, when the tumor size reached 5−7 mm in diameter.
For in vivo PET/fluorescence imaging studies, 4T1 tumor-bearing mice (n = 3) were intravenously injected with 4−6 MBq of Dox-64 CuPoP liposomes (corresponding to a dose of 7 mg/kg Dox). Static PET scans were performed at 0.5, 3, 12, and 24 h postinjection on Inveon microPET/microCT rodent model scanner (Siemens Medical Solutions USA, Inc.), followed by fluorescence (FL) imaging on a PerkinElmer IVIS system, using 675/720 nm excitation/ emission filters. PET Images were reconstructed using a maximum a posteriori (MAP) algorithm with no attenuation and scatter correction, and are presented as maximum intensity projections (MIP). 3D region-of-interest (ROI) analysis was performed on decaycorrected whole body images, using the vendor software (Inveon Research Workplace), and are presented as percentage of injected dose per gram (%ID/g). Quantitative PET data was then used to generate time-activity curves (TACs) for the tumor and other major organs of interest. FL image acquisition and 2D ROI analysis were carried out on vendor software (Living Image, PerkinElmer), and signal intensity within the ROIs is presented in the units of radiant efficiency ((p/s/ cm 2 /sr)/(μW/cm 2 )). Ex vivo biodistribution studies were performed after the final PET/ FL scans at 24 h post injection to validate the in vivo findings. The mice (n = 3) were euthanized, and blood, tumor, and major organs were collected and wet-weighed. Radioactivity in each tissue was measured on a gamma counter (PerkinElmer) and presented as %ID/ g. Extracted tumor and major organs were subjected to FL imaging using the excitation/emission filters 675/720 nm, followed by ROI analysis, as outlined previously.
Tumor Growth Inhibition in an Orthotopic Mouse Model. 2 ) while mice were anesthetized. Tumor volumes were calculated using the ellipsoid formula:
, where L and W are the length and width of the tumor, respectively. Body weights of the mice were monitored for 3 weeks. Mice were sacrificed when tumor volumes exceeded 10 times of the initial volume or if tumors started to ulcerate (∼20 days after laser treatment).
Histology and Immunohistochemistry. Formalin−fixed paraffin sections were cut at 4 μm. For H&E staining, slides were dewaxed through xylenes and graded alcohols, transferred to water for 3 min, hematoxylin for 3 min, water for 3 min, 1% acid alcohol for 1 min, water for 3 min, 0.2% ammonium hydroxide for 3 min, water for 4 min, 95% ethanol for 3 min, Eosin for 30 s, then dehydrated through graded alcohols, cleared, mounted, and coverslipped with xylene mount.
For Ki67 staining, slides were placed on charged slides and dried at 60°C for 1 h. Slides were cooled to room temperature and added to the Dako Omnis autostainer, where they were deparaffinized with Clearify (American Mastertech; catalog no. CACLEGAL) and rinsed in water. Flex TRS Low (Dako; catalog no. GV805) was used for target retrieval for 30 min. Slides were incubated with Ki67 antibody (Thermo; catalog no. RM-9106-S1) for 20 min at 1/200 dilution. Rabbit Envision (Dako no. K4003) was applied for 30 min. DAB (diaminobenzidine) (Dako; catalog no. K3468) was applied for 5 min for visualization. Slides were counterstained with hematoxylin for 8 min then placed into water. After the slides were removed from the Omnis they were dehydrated, cleared, and coverslipped.
TUNEL staining was performed with a kit provided by EMD Millipore S7101. Slides were dewaxed through a series of xylenes and graded alcohols and then transferred to water. Slides were incubated in H 2 O 2 for 10 min. Then Proteinase K was applied for 17 min followed by equilibration buffer while the TdT enzyme solution was being prepared. TdT enzyme solution was applied to slides for 75 min in a humidity chamber at 37°C. Slides were washed in stop/wash buffer for 10 min with agitation followed by antidigoxigenin−peroxidase for 30 min. DAB (diaminobenzidine) (Dako; catalog no. K3468) was applied for 3 min for visualization. Slides were counterstained with hematoxylin, dehydrated, cleared, and coverslipped.
Tumoral Drug Distribution by Fluorescence Microscopy. When 4T1 tumors reached ∼10 mm, mice were placed into two groups (n = 3). Dox-CuPoP liposome (7 mg/kg) was intravenously administered. Twenty-four hours later, one group was irradiated with laser (100 mW/cm 2 for 33.3 min, 200 J/cm 2 ). Four hours post laser treatment, mice were sacrificed, and tumors were collected and fixed in 10% formalin for 24 h followed by submersion in 30% sucrose for 24 h. Tumors were embedded with OCT compound (VWR no. 25608-930), snap frozen in liquid nitrogen, and stored at −80°C prior to sectioning and fluorescence microscopy. Tumors were sectioned at 18 μm thickness. Fluorescence microscopy for Dox and PoP was carried out with a Nikon ECLIPSE fluorescence microscope with 20× objective lens. Dox was imaged with FITC channel, PoP was imaged with Texas Red channel, and Hoechst with DAPI channel.
Fluorescence Imaging on Lung Metastasis Mouse Model. The experimental lung metastasis model of murine mammary carcinoma 4T1 was established by intravenous injection of 2 × 10 5 luciferase-labeled 4T1 cells in 100 μL PBS into 6-week-old female BALB/c mice (Chinese Academy of Sciences, Shanghai, China). The bioluminescence signal in the chest region was assessed for metastasis every 3−4 days using the Xenogen IVIS 200 imaging system (Caliper Life Sciences).
Two weeks later, the mice with lung metastasis and healthy mice were injected with Dox-PoP and Dox-CuPoP liposomes via tail vein at a Dox dose of 5 mg/kg. After 24 h, the mice were intraperitoneally injected with firefly D-luciferin (150 mg/kg, J&K Chemical, Ltd.). Three minutes later, the mice were sacrificed and the lungs were ex vivo imaged to detect and/or quantify the bioluminescence signal for metastases and fluorescence for PoP (675 nm excitation; 720 nm emission). The lungs of the mice were then homogenized and analyzed for Dox and PoP contents using the fluorescence methods described previously. 28 Briefly, ∼100 mg of tissues was weighed and homogenized in 450 mL of nuclear lysis buffer [250 mM sucrose, 5 mM Tris−HCl, 1 mM MgSO 4 ,1 mM CaCl 2 (pH 7.6)] with a homogenizer. Homogenates (100 μL) were extracted with 900 μL of 0.075 N HCI 90% 2-propanol by mixing the samples and storage at −20°C overnight. Samples were removed and centrifuged at 10000g for 15 min. The supernatant was collected, and the concentrations of Dox and PoP were determined fluorometrically.
Frozen Section Bioluminescence and Confocal Laser Scanning Microscopy. Bioluminescence is based on the oxidation of firefly luciferin by oxygen, catalyzed by luciferase. The oxidation reaction requires ATP and bivalent magnesium ions. The addition of exogenous ATP may trigger this reaction and light the tumor since the luciferase may still maintain its activity. To prove this hypothesis, a piece of mice thigh muscle and luciferase-labeled HT-29 colonic carcinoma tissue were coembedded in OCT and frozen at −80°C overnight. Cryosections (50 μm) were then prepared on a cryostat (Leica CM1950, Wetzlar, Germany) for luciferase activity assay. The sections were overlaid with a substrate mix solution (firefly D-luciferin, 0.5 mg/mL; ATP, 1 mM in 0.01 M PBS containing bivalent magnesium ions), and imaged using the Xenogen IVIS 200 imaging system (Caliper Life Sciences) using the following parameters: exposure time = 1 s, FOV = 6.5, f = 1, binning = 4. The substrate mix solution without ATP was set as control, and the substrate mix solution alone was used as blank control.
Mice from the aforementioned lung metastasis study were sacrificed 24 h post drug administration, and lungs were resected for embedding, sectioning and bioluminescence imaging as described above. Then, ex vivo imaging of fluorescence was carried out with the parameters: 675 nm excitation, 720 nm emission, exposure time = 10 s, FOV = 6.5, f = 2, binning = 4. The distribution of liposomes in the lung was further analyzed using laser scanning confocal microscope (LSCM, Leica SP8). The embedded lung were cut into 10 μm section, washed 3 times with PBS and stabilized with 4% paraformaldehyde for 15 min. 4, 6-diamidino-2-phenylindole (DAPI) was used to stain nuclei. The distribution of PoP (633 nm excitation and 720 nm emission) and Dox (488 nm excitation and 590 nm emission) in the lung with metastasis was observed using LSCM.
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